oxide, glycine, alanine, proline, homarine, and arginine. The major tissue components in the fishes and invertebrates are correlated with compounds previously shown to stimulate feeding behavior in 35 species of fish. Glycine and alanine are major tissue components and are also the two most frequently cited feeding stimulants in the 35 species. Molluscs and crustaceans each contain high concentrations of five of the most frequently cited stimulants (glycine, alanine, proline, arginine, and betaine); these substances all occur in much lower concentrations in fish. Some minor tissue components, such as tryptophan, phenylalanine, aspartic acid, valine, and uridine 5'-monophosphate, are, however, important feeding stimulants for some fish species. Stimulants for herbivores and carnivores are often different. Several major feeding stimulants are substances that serve as "compensatory solutes," stabilizing enzymes and structural proteins.
Introduction
Many aquatic animals have acute chemical senses. Thus, the occurrence of sufficient concentrations of specific substances may elicit pronounced behavioral responses. The effects of chemicals on the following behaviors of aquatic animals have been reviewed: feeding (Carr and Derby, 1986a) , feeding deterrence (Bakus et al., 1986) , predator avoidance (Elliot et al., 1989) , larval hatching (Rittschof et al., 1989) , habitat recognition by larvae (Morse, 1990 ) gamete development and spawning (Stacey et al., 1994) , and homing (Stabell, 1992) . Regarding fish, Hara ( 1993) recently provided a thorough review of the structure of the chemosensory system and the facets of behavior affected by chemicals.
Many studies show that four types of common, lowmolecular-weight metabolites, acting either alone or as components of mixtures, serve as potent attractants or as stimulants of feeding behavior. These substances are free amino acids, quaternary ammonium compounds, nucleotides or nucleosides, and organic acids (e.g., Carr and Derby, 1986a; Zimmer-Faust et al., 1988; Jones, 1992) .
Other, less frequently cited, substances evoking feeding behavior are the opines arcamine and strombine (Sangster et al., 1975) , lecithin (Harada, 1987) , and the plant product dimethyl-P-propiothetin (Nakajima et al., 1989 ).
The identification of natural feeding stimulants and stimulant mixtures has provided information for basic studies of receptor types (e.g., Caprio et al., 1993; Hara, 1994) , mixture interactions (Carr and Chaney, 1976; Derby and Ache, 1984a; Carr and Derby, 1986a, b) , neural coding (Derby and Ache, 1984b) , transduction mechanisms (Brand and Bruch, 1992) and perireceptor events (Carr et al., 1989) . Further, the recognition that feeding behavior can be evoked by specific chemicals has been important in efforts to produce artificial baits for fishing activities (Carr, 1984; Lokkeborg, 1990; Jones, 1992) , and to increase the palatability of rations used in aquaculture (Mackie and Mitchell, 1985; Takeda and Takii, 1992) .
This report provides analyses of extracts of 30 species of fishes and invertebrates used as bait. The compositions of fish, mollusc, and crustacean extracts are compared. The relative abundances of major tissue components are correlated with their roles as behavioral feeding stimulants in 35 species of fish. The roles of minor tissue components, and the differences between stimulants for carnivores and herbivores, are also discussed. Table I lists the 17 species of marine organisms that we analyzed at the Whitney Laboratory (St. Augustine, Florida), as well as 13 species analyzed elsewhere by others. Most of the species are used as bait, but several are also used for human consumption.
Materials and Methods

Species analyzed
The methods of extraction and analyses described in the following two sections are those used by us at the Whitney Laboratory. The procedures used by others are described in the references cited in Table I .
Preparation of extracts
The following tissues were analyzed: muscle from fishes, crustaceans, and an octopus; mantle from squid; and all soft parts from oyster and razor clam. Extracts were prepared from a pool of at least four animals to obtain representative samples; but with octopus, only a single large specimen was available. Fresh tissue was homogenized in a blender for 2 min in cold deionized water (4: 1 or 3: 1; volume:weight). Each homogenate was centrifuged at 5 "C at 5800 X g. The supernatant was ultrafiltered consecutively at 5 "C in Amicon Centripep-10 tubes ( 10,000 MW cutoff), then Amicon Centricon-3 tubes (3,000 MW cutoh). Each final ultrafiltrate, containing only substances of low molecular weight, was divided into aliquots and stored at -85°C until analyzed.
Analytical procedures
Amino acids were analyzed by two procedures to increase the number of compounds measured. In Procedure 1, ninhydrin reagent was used with a Hitachi amino acid analyzer (Model 835). In Procedure 2, amino acids were derivatized with ortho-phthaldialdehyde (Lindroth and Mopper, 1979) and separated by HPLC on an octadecylsilane column with 4-pm spherical particles (Waters Nova-Pak Cis, 3.9 X 150 mm). Elution at 1.4 ml/min was with a propionic acid buffer system (Turnell and Cooper, 1982; Pastoris et al., 1988) References by species number are as follows : 6, 7, 9, 12, 13, 14, 16 and 18-Konosu and Yamaguchi (1982); 20 and 21-Saether and Mohr (1987); 22-Macke et al., (1980); 25-Hidaka (1982); 30-Mackie (1973 Organic acids were analyzed by HPLC with a Bio-Rad Aminex HPX-87H organic acid column, 7.8 X 300 mm, preceded by a Bio-Rad cation-exchange guard column. Separation was obtained by isocratic elution with 0.0 1 N H2S04 at a flow rate of 0.4 ml/min (modified from Guerrant et al., 1982) . Organic acids were detected by UV absorption at 2 10 nm, then identified and quantified by comparison with standards.
Statistical comparison of composition of extracts from diferent species
The concentrations of low-molecular-weight components in the species examined were further analyzed with multivariate statistical techniques to determine whether the overall chemical compositions of species in the same taxon (e.g., crustaceans, molluscs, and teleost fish) are more similar to each other than to those of species from different taxa.
Multidimensional scaling (MDS) was selected to represent our highly complex data set in a form that is easy to interpret but that still explains most of the variance in the data (e.g., Schiffman et al., 198 1; Bieber and Smith, 1986; Di Lorenzo, 1989) . MDS places the variables (in our case, species) in a spatial map such that distances between variables indicate the degree of similarity between them. Hence variables that are distant have relatively different properties, whereas variables that are close are more similar.
MDS first measures the similarity between each pair of variables; i.e., the similarity in the chemical compositions of each pair of species. This yields a matrix of similarity measurements that represent the entire data set. Because we were most interested in differences in the relative concentrations of components in different extracts, two similarity measures using relative differences were employed (Statistica software, StatSoft Inc.): the Pearson productmoment correlation coefficient (Bieber and Smith, 1986) and the theta value. Theta values are derived from vector space analysis based on linear algebra, and have advantages over Pearson correlation coefficients when values are low (Di Lorenzo, 1989) .
Creation of a matrix of similarity measurements requires a value (= concentration)
for each chemical for each species used in the analysis. Because the entire group of 5 1 chemicals was not measured in any of the 30 reported species, MDS analyses were restricted to a portion of the data: 29 chemicals in the 17 species analyzed at the Whitney Laboratory (these species are indicated by a single asterisk in Table I ).
The Low-Molecular-Weight Components of Tissue Extracts Table II presents the concentrations (mmol/kg wet weight) of 5 1 low-molecular-weight substances-free amino acids, quaternary amines, nucleosides, nucleotides, organic acids, and guanido compounds-in 10 species of fish and 20 species of invertebrates.
The cumulative concentrations of the substances described above (determined from the last column in Table  II ) are quite similar in the crustaceans (mean t-SEM = 286.5 f 22.3 mM/kg) and molluscs (262.9 f 39.5 mM/ kg). Among the molluscs analyzed, the mean concentration in pelecypods is 285.6 & 88.5 n&f/kg, whereas in cephalopods it is 245.6 + 27.5 &/kg.
In crustaceans, the concentrations in decapods and euphausids (krill) are 310.1 + 18.4, and 223.5 a/kg + 56.3, respectively. In contrast, the mean concentration in fishes, 119.8 + 13.5 mA4/kg, is only 43%-48% of that measured in either invertebrate group.
Because exhaustive extraction procedures were not employed to prepare all extracts, the total concentrations of components may in some cases be slightly less than normal; but the relative concentrations of. individual components should be representative and are the major focus of the analyses that follow. Table II . To include Spanish sardine and black mullet in the analyses, two values were estimated:
for Spanish sardine, Gln was estimated to be 0.723 mM/kg (= the mean value for 7 teleost species in which Gln was measured); for black mullet, Cre was estimated at 40 n&f/kg (= the mean value for the other 9 teleost species). A value of zero was used for those chemicals indicated as "not detected" (=ND) or "unreported" (=U) in Table II .
Statistical Comparisons of Extract Compositions
Multidimensional scaling (MDS) analyses were used to discern relationships or patterns in the chemical composition of diverse species (Fig. 1) . These analyses included 29 components (Ala, Arg, Asn, Asp, Glu, Gln, Gly, His, Ile, Leu, Lys, Met, Orn, Phe, Pro, Ser, Tau, Thr, Tyr, Val, Bet, Cre, Horn, TMO, AMP, ADP, ATP, GMP, IMP) from the 17 species analyzed at the Whitney Laboratory. Figure 1 shows that species belonging to the same taxonomic group are closely clustered. Thus, teleost fish, crustaceans, and molluscs each forms a distinct group. This result shows again that the chemical compositions of the fish species are more similar to each other than they are to the compositions of either the crustacean or molluscan species. Among the invertebrates, however, two species are as close to members of the other taxon as to their own. Note that "krill 1" (Order Euphausiacea) is as close to two of the molluscs as it is to the other crustaceans (Order Decapoda). Likewise, razor clam is as close to two crustaceans as it is to the other molluscs.
Within each major taxon, species vary in the similarity of their compositions (see Fig. 1 ). For example, among the teleosts, the congeneric species Atlantic herring and Pacific herring are more similar to each other than they are to any other species, and black mullet, salmon, and Spanish sardine are relatively similar to each other. Hake is a relative outlier in the teleost group, although it remains clearly separate from any of the invertebrates. Within the molluscs, the three congeneric species of squid cluster closely, as do octopus and oyster, and all are relatively dissimilar to razor clam. In the crustaceans, blue crab 1 and northern shrimp are the most similar to each other and relatively dissimilar to krill 1.
Separate MDS analyses were performed on the matrix of Pearson correlation coefficients and on that of theta values. Because the results of these two MDS analyses were virtually identical, only the results using theta values are shown in Figure 1 . A two-dimensional solution was sufficient to represent this data set, as indicated by scree analysis of stress values (Schiffman et al., 198 1; Bieber and Smith, 1986) .
Major Extract Components in Different Taxa
The 10 chemical components occurring at highest concentrations in the extracts of a particular taxon are designated as "major extract components" of that taxon. When the components of teleosts, crustaceans, and molluscs (from Table II ) are plotted in rank order (Figs. 2-5) these major extract components are revealed to be highly characteristic of the taxa.
In fish, creatine, lactic acid, and trimethylamine oxide (TMO) are the three major components (Fig. 2) ; each appears in all fish extracts in which an effort was made to measure them (Table II) . Of these three components, Table II . + Abbreviations for substances: Ala = alanine; @ala = fi-alanine; AABA = a-amino butyric acid; GABA = y-aminobutyric acid; Arg = arginine; Asn = asparagine; Asp = aspartic acid; Cys = cysteine; Glu = glutamic acid; Gln = glutamine; Gly = glycine; His = histidine; IMhis = I-methylhistidine; 3Mhis = 3-methylhistidine; Hyp = hydroxyproline; lie = isoleucine; Leu = leucine; Lys = lysine; Met = methionine; Om = ornithine; Phe = phenylalanine; Pro = proline; Ser = serine; Tau = taurine; Thr = threonine; Try = tryptophan; Tyr = tyrosine; Val = valine; Bet = betaine; Cre = creatine; Cren = creatinine; Horn = homarine; Ott = octopine; TM0 = trimethylamine oxide; AMP, ADP and ATP = adenosine 5'-monophosphate, -diphosphate, and &phosphate; GMP = guanosine S-monophosphate; IMP = inosine S-monophosphate; Hyx = hypoxanthine; Ino = inosine; Ace = acetic acid; Fum = fumaric acid; Lac = lactic acid; Oxal = oxaloacetic acid; Prop = propionic acid; Pyro = pyroglutamic acid; Pyr = pyruvic acid: Sue = succinic acid; Ans = anserine; Sar = sarcosine.
' ND = not detected; U = unreported in crustaceans and molluscs (e.g., Prosser, 1973, pp. 740-742) . * Species analyzed at other laboratories; see Table I . Table II. only TM0 appears among the top five substances in the invertebrate extracts. Creatine was the dominant component in six fish species; lactic acid was dominant in three species, and TM0 was dominant in a single species, the Pacific hake (Merluccius productus). In two species, the Atlantic mackerel (Scomher scombrus) and Spanish sardine (Sardine/h anchovia), the three major components are creatine followed by histidine and taurine. Of all the analyzed substances, only creatine is confined to fish. Further, only fish have histidine, inosine 5'-monophosphate (IMP), inosine, and lysine among their 10 major components.
Extracts of molluscs and crustaceans show several clear similarities (Fig. 3) . In both groups, eight of the same substances are represented among the top nine components;
i.e., betaine, taut-me, TMO, glycine, alanine, proline, homarine, and arginine. Further, both molluscs and crustaceans have betaine, TMO, and glycine among their top four components. Notable differences include the limitation to molluscs of octopine, and other opines not measured in the current study (e.g., Gade 1980; 1988) . Also, betaine is the major single component in molluscs when the analyses of both pelecypods and cephalopods are combined. Likewise, glycine is the major single component in crustaceans when the analyses of both decapods and euphausids are combined.
Among the pelecypod molluscs, taurine and betaine are the dominant components in three of the four species (Fig. 4 and Table II ). In the Pacific razor clam (Siliqua p&h), however, taurine is the dominant substance followed by glycine, alanine, and then betaine. Even greater variability exists among the cephalopod molluscs. Betaine and tam-me are the two dominant components in the octopus (Octopus doj7eini) and in one species of squid (Alex argentinus). In the remaining three squid species, the two dominant components are betaine and TM0 in I. illecebrosus and I. sp., and proline and glycine in Loligo vulgaris.
Glycine is the dominant component in extracts of all eight species of decapod crustaceans ( Fig. 5 and Table II ). In addition, four substances (glycine, betaine, arginine, and proline) are among the top six components in all of the species except the pink shrimp (Penaeus duorurum).
Even the pink shrimp has glycine, betaine, and proline among its top six components.
The three euphausid crustaceans show marked similarities in composition ( Fig. 5 and Table II) . TM0 is the dominant substance in each species. Also, excluding be- Table II. taine and homarine, which were measured in only a single species, the five major components in each extract are TMO, taurine, glycine, proline, and arginine. One analysis of a decapod, the northern shrimp (Pundulus borealis), was omitted from Table II because the extract was made from boiled shrimp (Ellingsen and Doving, 1986; Mearns et al., 1987) and we have only presented analyses of fresh tissues. Boiled shrimp are used in Norwegian fisheries, but when compared to extracts of fresh northern shrimp (Table II) , those of boiled shrimp showed proportional reductions in both the total solute content and the concentrations of major components: i.e., total solute concentration (53%) betaine (33%), glycine (33%), proline (39%) and alanine (45%). However, levels of arginine, TMO, and taurine remained quite similar in the fresh and boiled shrimp.
Correlation between Major Extract Components and Feeding Stimulants
The pooled set of 10 major components from fish, molluscs, and crustaceans (see Figs. 2, 3 ) comprises 17 substances (Table III) . Thirty-five species of fish have exhibited feeding behavior to two or more of those substances either when the substances are tested individually or as part of a mixture.
Glycine and alanine are the two most frequently cited feeding stimulants, being reported, respectively, in 28 (80%) and 26 (74%) of the 35 species (see bottom of Table  III) . Further, both glycine and alanine are stimulants in 22 species. This finding, plus the close structural similarities between these 2-and 3-carbon neutral amino acids, suggest that in some cases they may activate similar or identical receptor types. Activation of similar receptors by glycine and alanine is supported by electrophysiological studies employing cross-adaptation regimes of taste receptors in both freshwater and marine catfish (Wegert and Caprio, 1991; Michel et al., 1993) .
In addition to glycine and alanine, four other substances, proline (37%), arginine (37%), betaine (34%), and histidine (23%) are feeding stimulants in greater than 20% of the species cited in Table III . Three of the major extract components-homarine, octopine, and creatine-are not cited as feeding stimulants in any species of which we are aware.
Interesting relationships between taxa emerge when the six most frequently cited feeding stimulants shown in Table III (i.e., glycine, alanine, proline, arginine, betaine, and histidine) are compared with the extract compositions provided in Table II and Figures 2 through 5. Each of the above six feeding stimulants are referred to hereafter as a "most frequently sited Stimulant" (=MFCS).
Histidine is the only MFCS represented among the six major extract components of teleost fish (see Fig. 2 ). This amino acid is implicated in intracellular pH regulation in fish (Van Waarde, 1988 ) and does not occur as a major component in any of the invertebrate extracts. Other MFCSs occur at very low concentrations in the fish extracts. Creatine, the dominant component in fish extracts, has never been reported as a feeding stimulant, although it acts as a feeding deterrent in the jack mackerel, Trachurusjaponicus (Ikeda et al., 1988a) .
Not only the MFCSs, but indeed most low-molecularweight compounds, occur at considerably lower concentrations in the fish extracts than in the invertebrate extracts examined here (Table II) . However only marine teleosts were studied, so the characteristic reduced concentration is consistent with the hyposmotic regulation of solutes occurring in these organisms (e.g., Evans, 1993) .
In molluscan extracts, four MFCSs-betaine, glycine, alanine, and proline-are represented among the top six extract components. Crustacean extracts also have four MFCSs-glycine, betaine, arginine, and proline-among their top six components. The popularity of molluscs and crustaceans as baits and feed additives (e.g., Mackie, 1982; Franc0 et al., 199 1; Jones, 1992) and as seafoods for human consumption (Konosu and Yamaguchi, 1982) , is very likely related to their high concentrations of the most frequently cited feeding stimulants.
The six "most frequently cited stimulants" described above, plus the remainder of the 17 major extract com- Table III , are not the only known feeding stimulants. Some substances present in very low concentrations in food or baits are either major stimulants of fish species or, as is more often the case, make significant contributions to the activity of mixtures. In the jack mackerel, T. japonicus, tryptophan, a minor constituent of krill extract, was the only one of 20 amino acids in the extract that was a feeding stimulant (Ikeda et al., 1988b) . The amino acids, tryptophan, phenylalanine, and aspartic acid, are minor constituents of most tissues, yet are significant stimulants of food searching activity in the sea robin, Prionotus carolinus (Bardach and Case, 1965) . Valine makes a substantial contribution to the feeding activity induced by amino acid mixtures in the carp, Cyprinus carpio (Saglio et al., 1990) . In the pinfish, Lagodon rhomboides, the minor amino acids aspartic acid, isoleucine, and phenylalanine are nonstimulatory alone, yet contribute markedly to the stimulatory capacity of a synthetic mixture (Carr and Chaney, 1976) . Likewise, the nucleotide uridine 5'-monophosphate, a minor constituent of a worm extract, markedly increases the ingestion, by a juvenile eel (Anguilla japonica), of a diet containing a mixture of amino acids (Takeda et al., 1984) . An awareness that minor tissue constituents can make major contributions to the stimulatory capacity of natural mixtures is important in the analysis and preparation of synthetic stimulants for use in fish feeds or baits.
Feeding stimulants for herbivorous and carnivorous fish may be very different. In the herbivore Tilapia zillii, an organic acid, citric acid, plus the amino acids, glutamic acid, aspartic acid, serine, and lysine are major stimulants of feeding behavior (Johnsen and Adams, 1986; Adams et al., 1988) . Although the above substances are minor constituents of animal tissue, they are major components of romaine lettuce, a plant readily eaten by Tilapia. Likewise, dimethyl-P-propiothetin, a common constituent of green algae, is not reported in animal tissues, and serves as a potent feeding stimulant for herbivorous goldfish, carp, and Tilapia (e.g., Nakajima et al., 1989) .
High concentrations of the low-molecular-weight substances shown in Table II are characteristic features of molluscs and crustaceans, and to a lesser extent, fishes, that are subjected to the stresses imposed by living at high or fluctuating salinities (Yancey et al., 1982) . These small organic compounds, together with inorganic ions, represent the major osmotically active solutes present in the cells of many marine animals. Six substances-glycine, alanine, proline, taurine, betaine, and trimethylamine oxide-are all among the most prominent organic solutes in the marine molluscs, crustaceans, and fishes analyzed in this study (see Figs. 2, 3) . The above six substances are the dominant six components in the molluscan extracts; and five of them (exclusive of alanine) predominate in crustacean extracts. Likewise, four of these substances-TMO, taurine, alanine, and glycine-are among the top eight components in fish. Significantly, each of the substances listed above is a "compensatory solute," a term proposed to indicate the role of such molecules in maintaining the functional properties of enzymes and structural proteins against the destabilizing effects of common inorganic ions and some organic solutes (Bowlus and Somero, 1979; Yancey et al., 1982; Clark, 1985; Yancey and Burg, 1990) . Therefore, this description of the low molecular weight components in the tissues of 30 species of marine organisms also reveals the ubiquity of compensatory solutes and, interestingly, shows that each of these solutes is also a stimulant of feeding behavior in marine fish.
